Seven isozyme systems (Sod, 6-Pgd, Me, Est, Skdh, Fdh and Gdh) representing nine loci were used to study the genetic diversity of nine faba bean populations. Seven loci revealed polymorphic bands and showed the same quaternary structure as that found in several species. They revealed a high number of phenotypes. Indeed, from 3 to 9 phenotypes per locus were investigated in this study. The percentage of polymorphic loci (P = 59.3 %) was higher than that mentioned in the autogamous species (P = 20.3 %) and less than the optimum (P=96 %) indicated for allogamous plants. Total genetic diversity (HT) and within population genetic diversity (HS) were estimated with the isozyme markers. The contribution of among population genetic diversity (DST) to total genetic diversity was 22%. Enzyme markers pointed out an average inbreeding level for whole population (FIT) and within population (FIS). Within population genetic diversity represents 78% of total diversity. Intra-population genetic diversity (HS = 0.206) was ranged with the respect of allogamous species and was clearly higher than that of among population genetic diversity (DST = 0.057) indicating an out-crossing predominance in the studied populations. The expected heterozygosity was higher than that observed heterozygosity at the allogamous species was confirmed in this study. Although, the mean estimated gene flow was less than 1(Nm=0.814), the dendrogram based on Nei's genetic distance of the 9 populations using UPGMA method showed some genetic drift between populations.
Introduction
Faba bean (Vicia faba L.) is a diploid species with 2n=12 chromosomes. It belongs to the family of Fabaceae (leguminous), subfamily of Papilionoideae, tribe of Viceae. Faba bean is considered as a valuable protein-rich food for humans and animals. It was sufficient to cover nutritional rate requirements (Fernandez et al., 1996) . Fortunately, genetic variability of the species is quite large. Based on differences in seed weight, shape, and size, most researchers refer to four botanical varieties: V. faba paucijuga (particular shape), V. faba major (more than 2.0 g per seed), V. faba equina (0.45-1.1 g per seed) and V. faba minor (0.2-0.5 g per seed) (Muratova, 1931; Cubero, 1974) . The wild progenitor and the exact origin of faba bean still remains unknown. However, it is generally accepted that V. faba L. is one of the earliest domesticated food legumes in the world; probably cultivated since Neolithic period (Cubero, 1974) .
Most authors agree that the subspecies V. faba paucijuga, presently found in the region extended from Afghanistan to India, is the primitive form. Large seeded types (V. faba major) were developed in Iraq. Small seeded types (V. faba minor) Africa with major concentration in Egypt.
Over the long period of its cultivation, the crop has undergone large natural selection and selection by man and therefore ecotypes and cultivars specifically adapted to different sets of environmental combinations have developed. Floral biology in faba bean is intermediate between allo-and auto-gamous (Hanelt and Mettin, 1989) . However, some differences may exist within types (spring types are more allogamous than winter types) or within regions (southern have often more autogamous types than northern ones) (Le Guen et al., 1991) . V. faba is partially insect-cross pollinated crop. Indeed, in Mediterranean region, it is especially pollinated by diverse solitary bees which trip the flowers and cause either self or cross fertilization (Bond and Kirby, 1999) .
According to literature, faba bean out-crossing rate varies widely depending on the genotype and environmental conditions and it is ranged from 10 to 60% (Suso et al., 2006) . Differences in out-crossing among botanical groups have been mentioned. However, there is not a general agreement if there is more out-crossing rate within major, within equina or minor (Bond and Poulsen, 1983) . Differences in self-fertility between the botanical groups major, equina, and minor have also been reported (Le Guen, 1983) . Suso et al. (2005) have shown that yield and out crossing of legume depend greatly on floral design and display. For years agronomic and morphological characteristic descriptions have been used to differentiate genetic diversity in plants (Schuelter et al., 1999) . With the advance of sciences, more efficient tools were adopted. In V. faba, isozyme markers have been used for taxonomic studies (Yamamoto et al., 1982) , for varietal identification (Kaser and Steiner, 1983) , for measuring levels of variation within and among populations (Hamrick and Godt, 1990) and for other aspects of breeding activities such as genetic control of some enzymatic systems (Mancini et al., 1989) and assessment of heterozygosity and out-crossing rate (Carre et al., 1998) . Isozymes have also proved to be useful markers to distinct different gene pools (Gepts et al., 1992) , to study mating systems (Brown, 1989) and to evaluate the potential value of germplasm accessions in plant breeding programmes (Murphy and Phillips, 1993) .
This work use isozyme markers for studying genetic diversity within and among 9 populations of V. faba belonging to the three botanical varieties (major, equina and minor). It aims to analyse population structure, gene flow between major, equina and minor varieties and to compare them.
Materials and methods

Plant material
Nine Tunisian populations of V. faba derived from self-crossing were cultivated under white insect proof to prevent out-cross pollination. These populations were kindly supplied by the Field Crop Laboratory of the National Institute of Agricultural Research of Tunisia. They belong to the three botanical classes of V. faba (major, equina and minor) ( Table  1) . These populations were assayed and scored for nine isozymes loci. 36 seeds from each population were used to study genetic diversity inter and intra-populations.
Isozyme assay and enzymes extraction
The following seven isozyme systems have been studied: Superoxide dismutase (Sod1, Sod2 and Sod3 loci), Phosphogluconate deshydrogenase (6-Pgd, one locus), Malic enzyme (Me, one locus), Esterase (Est, one locus), Shikimate deshydrogenase (Skdh, one locus), Formate deshydrogenase (Fdh, one locus) and Glutamate deshydrogenase (Gdh, one locus).
Seeds were assayed and scored for isozyme loci. Protein extractions were performed from seeds according to Gates and Boulter (1979) procedures. Seeds samples were ground to fine powder, homogenised in 0.4 M NaCl (1:5 w/v) at 4℃, centrifuged at 12000g for 10 min. Supernatant was transferred to a new tube then dialysed against tap water for 16 h at 4℃.
After a second centrifugation, 20% w/v, saccharose was added to increase viscosity. Five micro-litres of each crude sample extract were used for gel analysis.
Electrophoresis and staining
Crude sample extracts were loaded directly onto 7% polyacrylamide gel, buffered to pH 8.9 with Tris-HCl and prepared according to Smith (1976) procedure. Electrophoresis was carried out with a constant current of 50 mA and 100 Volts for the first 30 min and then changed to 300 V for an additional 3 h at 100 mA. The gels were stained for isoenzymes by applying standard histochemical methods. The following staining recipes were used according to protocols developed in the gels literature (Wendel and Weeden, 1990; Chamberlain, 1998) with some modifications. After soaking, gels were photographed then transferred in a 55% methanol conservation solution.
For 6-Pgd and Sod: 50 ml of 0.1M Tris-HCl buffer pH 7.1, 14 mg phosphogluconic acid, 0.1M MgCl2, 2 mg β -NADP, 8.9 mg MTT and 2 mg PMS were mixed.
For Me: 50 ml of 0.1M Tris-HCl buffer pH 7.1, 250 mg malic acid, 0.1M MgCl2, 15 mg β-NADP, 10 mg MTT and 15 mg PMS were mixed.
For Skd: 50 ml of 0.1M Tris-HCl buffer pH 7.1, 14 mg shikimic acid, 2 mg β-NADP, 8.9 mg MTT and 2 mg PMS were mixed.
For Est: 50 ml of 0.5 M acetate buffer pH 5, 1.7 ml solution of (7 ml ethanol, 0.15 mg α-napthyl acetate and 3 ml H2O) and 40 mg fast blue were mixed.
For Gdh: 50 of ml 0.1 M Tris-HCl buffer pH 8.0, 200 mg L-glutamic acid, 50 mg CaCl2, 10 mg NAD, 10 mg MTT and 2 mg PMS were mixed.
For Fdh: 50 ml 0.1 M Tris-HCl buffer pH 8.0, and 100 mg sodium formic acid, 10 mg NAD, 10 mg MTT and 2 mg PMS were mixed.
Statistical Analysis
Bands of activity were assigned to loci that were numbered sequentially from the anodal end. The number of genetic loci and alleles controlling the enzyme activity were inferred from the observed banding patterns and from quaternary structure data and genetic control in V. faba. Analysis of gene diversity, usually called heterozygosity (H), of V. faba populations was conducted according to Nei's method (Nei, 1973) . The total gene diversity (HT) can be divided into gene diversity within populations (HS) and between populations (DST) where HT = HS + DST. HT was calculated on the weighted average allele frequencies over all populations HT = 1 -∑ for each population. The coefficient of gene differentiation (GST) was calculated as such: GST = DST/HT (Nei, 1973) . It translates proportion of total genetic diversity due to variability inter populations. GST varies between 0 and 1. A value of 1 indicates that the populations are fixed for different alleles.
To describe the genetic variation of populations, the percentage of polymorphic loci (P) and the mean number of alleles per locus (A) were calculated for all populations; the observed (Ho) and expected (He) proportion of heterozygote, based on Hardy Weinberg equilibrium, and the fixation index (F) were calculated using POPGENE ver.1.32 software. HT, HS, DST, and GST were calculated using FSTAT ver.2.9.3.2 software. To estimate differences between populations, Nei's genetic distance (Nei, 1978) was calculated on the basis of allozyme frequencies; using POPGENE software. The dendrogram separating populations was constructed using UPGMA method based on matrix distance. The F-statistics of Wright (1978) lead to know the genetic structure of a species thanks to the both estimations of the fixation of alleles in the populations (FIT) and inside the sub-populations (FIS), and of the genetic differentiation between the sub-populations (FST).
Results
Phenotypic enzyme polymorphism
All the observed phenotypes of the studied enzymes are shown diagrammatically in Figure 1 . Three major zones of activity were observed for Sod: Sod1, Sod2, and Sod3, as described by Suso and Moreno (1985) . The Sod1, Sod2 and Sod3 are the chloroplastic, the cytosol and the mitochondrial Sod isozymes, respectively (Foster and Edwards, 1980) . The most anodal zone of Sod (Sod1) activity showed 5 phenotypes (Figure 1 ). Phenotypes 3 and 5, with one band, were the most frequent (56% and 29.3%, respectively), and were observed in all populations. Phenotype 1 with one band and phenotype 4 with three bands were observed only in four populations ('Massri', 'Batata', 'Chemlali' and 'Malti') and five populations ('Badï', 'Batata', 'Chahbi', 'Super aguadulce' and 'Malti'), respectively. The two later phenotypes represented 6% of all the Sod1 phenotypes. Phenotype 2 with three bands was seen in all populations but represented less than 10% of all Sod1 phenotypes. Sod1 isozyme is a dimmer as evidenced by the three-band heterozygote (Mancini et al., 1989) . The Sod2 is dimeric as described by Suso and Moreno (1985) and Mancini et al. (1989) . It showed three phenotypes (Figure 1) . The phenotype 1 with one band was observed in all populations with a frequency of 96%. Phenotype 2 with three bands and phenotype 3 with one band were observed in 'Chemlali', 'Chahbi' and 'Massri', respectively. Phenotypes with three bands can be interpreted as heterozygous for this locus; consequently phenotypes with one band were homozygous. Sod3 was the most cathodal Sod zone. It can be considered as having tetrameric structure (Mancini et al., 1989) . Sod3 isozyme showed 7 phenotypes. Phenotype 1 with one band was the most common (60%) and observed in all populations. Phenotype 3 with one band was observed in 6 populations ('Badï', 'Massri', 'Batata, 'Bachaar', 'Chemlali' and 'Chahbi') and represented 30% of all the Sod3 phenotypes. Phenotypes 2, 4, 5, 6 and 7 with five bands had low frequency.
All populations tested for Skd isozyme showed three phenotypes as found by Jaaska (1997) , except 'Aguadulce'. Phenotypes 1 and 3 showed one band and can be interpreted as homozygote. Phenotype 2 showed two bands and can be interpreted as heterozygote. The third phenotype was the most frequent (51%) and was observed in all populations. Skd is monomer as indicted by the presence of a two-band phenotype in the heterozygote. This result corroborate with Suso et al. (1993) who mentioned the absence of band of intermediate mobility in heterozygous individuals. Co-dominant inheritance of Skd was also confirmed by the presence of three phenotypic classes (Suso et al., 1993) . Esterase is a hydrolytic enzyme of unknown physiological role and natural substrates. This isozyme is dimeric as confirmed by the presence of three-band phenotype in the heterozygote. Only three phenotypes had been observed. The most frequent (81%) was phenotype 3 with one band; it was observed in all populations. Phenotype 2 with three bands was observed in 6 populations. Phenotype 1 with one band represented less than 11 %, was observed only in four populations. Malic Enzyme locus (Me) showed three phenotypes. The most frequent was phenotype 3 with one band. It covered all populations and particularly the whole six populations: 'Badï', 'Batata', 'Bachaar', 'Chemlali', 'Chahbi', and 'Malti'. Phenotypes 1 and 3 showed one band and can be interpreted as homozygote. Phenotype 2 was heterozygote.
Nine phenotypes were distinguished with 6-Pgd enzyme. Phenotype 3 showed one band and was the most frequently observed in all populations (53%). Phenotypes 2, 4, 5, 6, 7, and 8 with respectively 3, 3, 1, 1, 3, and 3 bands all together represented 47% of populations. Phenotype 1 (with one band) and phenotype 9 (with three bands) were observed only in 'Batata' and 'Bachaar', respectively. The isozyme 6-Pgd has been reported as dimmer in faba bean and castor bean (Simcox and Dennis, 1978) . In heterozygous cases 6-Pgd showed a three-band zymogram, which expected dimeric structure of this enzyme. One zone of isozyme activity was observed for Fdh. This isozyme was dimeric as confirmed by the three-band phenotype in the heterozygote (Jaaska, 1997) . In our study, gels stained for Fdh showed one phenotype with one dense band. This can be interpreted either as the three bands merged in a one band due to a short time migration (no separation) or to a weak enzyme concentration in our extract product, inducing a non visible pattern of the two other faint bands as described by Jaaska (1997) . Consequently, we have considered only the dense band in our statistical analysis of the Fdh. Seven major bands of Gdh activity were observed as confirmed by Jaaska (1997) . Fdh and Gdh were monomorphic loci for all individuals and they did not constitute any source of genetic diversity across populations.
Genetic variability
Most enzymatic loci are di-allelic. The total polymorphic threshold of studied populations was fixed at 5%. Allelic frequencies put in evidence 2 monomorphic loci (Fdh and Gdh) and seven polymorphic loci (Sod1, Sod2, Sod3, Est, Me and Skd) . Polymorphic intra-population parameters were determined from allelic frequencies of the 9 populations of V. faba (Table 2) . Intra-population polymorphic indices P, A, Ho and He showed high heterogeneity. In fact, the mean number of alleles per locus (A) was little raised in the analyzed populations. The mean of observed heterozygosity per pop- ulation (Ho = 0.103 ± 0.047) was weak and less than the expected heterozygosity per population according to Hardy-Weinberg (He = 0.204 ± 0.053) ( Table 2 ). An average of 59.3% of the loci was polymorphic within population, with individual population value ranging from 44.4% to 77.8%. The highest average number of alleles per locus (A= 2.11) was obtained with 'Massri' having the highest percentage of polymorphic loci (P= 77.8). The lowest number of alleles per locus and per population (A=1.78) was obtained with 'Badï', 'Chemlali' and 'Malti'.
Genetic diversity and distance
Dendrogram based on Nei's (1978) genetic distance of the 9 populations using UPGMA method led to three clusters (Figure 2 ). 'Aguadulce', 'Chahbi', 'Super Aguadulce', and 'Malti' constituted the first group. 'Massri', 'Batata', 'Bachaar', and 'Chemlali' formed the second group. 'Badï' was convincingly separated from all the other populations and formed the third group. The first cluster gathered equina and major types. However, the second group included two subgroups: minor types ('Massri' and 'Bachaar') and Tunisia's local major and equina types ('Batata' and 'Chemlali'). The diagnostic of genetic variations within and among populations was studied and quantified by FSTAT. Genetic diversity indices of Nei have been estimated for all populations (Table 3 ). The total genetic diversity (HT) and the intra-population genetic diversity (HS) are 0.263 and 0.206, respectively. The Sod2 and Me showed the lowest Hs (0.060 and 0.044) and HT (0.069 and 0.048), respectively. In addition, the within genetic diversity (HS) was higher than the genetic diversity between population (DST).The genetic divergence between V. faba populations was a little brought up. Indeed, the contribution of inter-population genetic diversity (GST) in the total genetic diversity average was 22%. This variation was mostly explained by Sod3 and Est isozymes. High consanguinity coefficients of total populations (FIT = 0.609) and in sub-populations (FIS = 0.489) translated the divergence of observed genotypic frequencies in V. faba compared to the expected frequencies as calculated by Hardy-Weinberg equilibrium. The genetic differentiation among populations FST was equal to 0.235, it was lower than that obtained by Mahama et al. (2005) with Phaseolus lunatus L. (FST =0.386).
Discussion
Phenotypic enzyme polymorphism
Usually a single band appears in the homozygote whereas multiple bands appear in the heterozygote within a zone of isozyme activity. suggests the quaternary structure of the isozymes. Two bands occur in the heterozygote for monomeric isozymes, three bands appear for dimeric isozymes, four bands for trimeric isozymes, and so on (Chowdhury and Slinkard, 2000) . Also, different isozymes have similar quaternary structure. So, studied polymorphic isozymes showed the same quaternary structure as that found with lentil (Vaillancourt, 1989) , pea (Weeden et al., 1992) and grass pea (Chowdhury and Slinkard, 2000) . Electrophoresis of isozymatic markers in this study showed a high number of phenotypes. This number was practically important with 6-Pgd, Sod3 and Sod1 producing 9, 7 and 5 phenotypes, respectively. This revealed level of polymorphism is proportionally higher than that which is obtained by microsatellites and RAPD markers showing 1 to 10 bands in several studied plant species. Indeed, the advantages of isozymes include the simplicity and low cost of analysis. They include also the simple molecular basis of their polymorphism and also a reasonable genome coverage (10 to 50 loci per species) as mentioned by Gepts (1995) .
Genetic diversity
The percentage of polymorphic loci (P = 59.3 %) was higher than that mentioned by Hamrick and Godt (1990) in the autogamous species (P = 20.3 %). Indeed, according to these same authors, the percentage of polymorphic loci in allogamous plants such as Zea mays reached 96 %. Also, the average number of allele per locus (A = 1.914) was significantly brought up than that obtained by Mahama et al. (2005) in the autogamous legume (P. lunatus L) (A = 0.122). This result is similar to that of Escalante et al. (1994) who observed high values of average number of allele per locus in wild and cultivated types of allogamous species of Phaseolus coccineus L. with 2.75 and 2.65, respectively. In this study, the expected heterozygosity (He= 0.204) was higher than the observed heterozygosity (Ho=0.103). Thus, Escalante et al. (1994) have observed for the allogamous species of Phaseolus coccineus L, a high expected heterozygosity (He) of 0.314 and 0.296 in wild and cultivated types, respectively. In an other study on two groups of Vicia benghalensis, Gabriella et al. (1996) found high levels of genetic diversity indices (P = 73%, A = 2.27 and Ho = 0.102) in one group which was characterized by its high out-crossing degree. Genetic diversity indices obtained in our study (P = 59.3%, A = 1.914 and Ho = 0.103) converged to those mentioned by Gabriella et al. (1996) for the out-crossing V. benghalensis group, indicating a high level of out-crossing in our V. faba populations being studied.
Genetic structure
The coefficient of genic differentiation of the studied populations was high (GST=0.218) but it was still less than that obtained by Hamrick and Godt (1997) for annual species (GST = 0.357). The Intra-population genetic diversity (HS) in this study was higher than that obtained by Zoro Bi (1999) with wild populations of P. lunatus originated from the Central Valley of Costa Rica (HS = 0.082). This is in accordance with a referent study made by Hamrick and Godt (1997) showing that the intra-population genetic diversity of allogamous species varied between 0.103 and 0.266 while the intra-population genetic diversity of autogamous species oscillated between 0.009 and 0.140. The results suggest that intra-population diversity (HS = 0.206) was clearly higher than that of among population (DST = 0.057). This corroborates with the conclusion made by Hamirick and Godt (1990) mentioning that out-crossing maintains most genetic variations for within pop-ulation rather than for among populations. Thus, Gabriella et al. (1996) confirmed that the intra-population diversity was higher than that of inter-population in out-crossing plants. Whereas, self-crossing types exhibited that intra-population diversity was lower than that of inter-population. Gene flow is the spread of genetic material among populations and may constitute an important evolutionary force to create genetic variability (González-Torres et al., 2003) . In addition, genetic differentiation coefficient between populations is inversely related to gene flow between populations. In this study, mean estimated gene flow was less than 1(Nm= 0.814). According to Wright (1951) an Nm value that is greater than 1 is considered necessary to prevent divergence resulting from genetic drift. Consequently, in our study, the level of gene flow was not sufficient to counterbalance genetic drift. In contrast, dendrogram based on Nei's genetic distance of the 9 populations using UPGMA method showed some genetic drift in the first cluster ('Aguadulce', 'Malti') and the fourth ('Batata', 'Chemlali') sub-groups gathering equina and major types.
